INTRODUCTION
Many heterocystous cyanobacteria produce akinetes (spores), often assumed to function like bacterial endospores since they are resistant to various unfavourable environmental conditions (see Nichols & Carr, 1978; Nichols & Adams, 1982) . The pattern of differentiation varies in different organisms and numerous factors have been implicated in the induction of akinete development (Sutherland et al., 1979a; Nichols & Adams, 1982) .
In Nostoc PCC 7524, akinetes developed at the end of exponential growth of the vegetative cells, as a result of energy limitation (Sutherland et al., 1979a) . Developing akinetes first accumulated cyanophycin, the cyanobacterial reserve copolymer of arginine and aspartate, and produced a thickened wall and extracellular envelope. They resembled vegetative cells in their contents of phycocyanin, protein, nitrogen, DNA and RNA, but contained increased amounts of glycogen, chlorophyll and total carbon (Sutherland et al., 1979a) . The increased quantities of cyanophycin and glycogen suggest an important role for these reserve materials during subsequent germination of the akinetes. Unlike bacterial endospores, the akinetes of Nostoc PCC 7524 were not resistant to elevated temperatures but were resistant to desiccation (Sutherland et al., 1979a) and to freezing (Sutherland et al., 1979a; Chauvat & JosetEspardellier, 198 l) , conditions which were lethal to vegetative cells.
Although ultrastructural changes during germination of akinetes of several cyanobacteria have been described (reviewed by Nichols & Carr, 1978; Nichols & Adams, 1982) , the biochemical changes have been comparatively neglected, apparently because synchronous germination is difficult to achieve in most organisms and therefore quantitative data are unobtainable. Germination of akinetes of Anabaena 161 7 commenced between 25 and 40 h after transfer to fresh medium, and 90% had germinated at 43 h (Stulp & Stam, 1982) ; physiological changes, however, were not described. Singh & Sunita (1974) obtained partial synchronization of akinete germination in Anabaena doliolum, with 90% reaching the first cell division in 72-80 h. Macromolecular syntheses occurred in the order RNA (4-20 h), chlorophyll (commencing at 8 h), phycocyanin (12 h) and DNA (24 h), and were dependent on light. Other physiological studies of akinete gemination have investigated the requirement for light (reviewed by Nichols & Adams, 1982) , with A . variabilis (Braune, 1979) being the most extensively examined.
The failure to achieve synchronous germination in most organisms may be attributed to the fact that, in many, akinete germination occurs immediately after differentiation (Fay, 1969; Rother & Fay, 1977) . In Nostoc PCC 7524 the akinetes, formed in dense light-limited cultures, germinated synchronously when diluted into fresh medium with the light intensity held constant (Sutherland et al., 1979 b ; Chauvat & Joset-Espardellier, 1981) . Germination was again lightdependent and required activity of both photosystems I and 11, the energy requirement not being efficiently fulfilled by cyclic photophosphorylation or by respiration (Chauvat et al., 1982) ; when photosystem I1 activity was inhibited, only 21 % of the akinetes germinated and it was concluded that the carbon reserves of the akinetes were inadequate to support germination. Both respiratory and photosynthetic activities increased markedly during the first 9-10 h, the latter requiring de novo synthesis of RNA and protein (Chauvat et al., 1982) . Four major morphological changes were recognized during synchronous germination of akinetes of Nostoc PCC 7524: the first cell division, which occurred 12 h after the initiation of germination; the second cell division at 16 h; the differentiation of one terminal cell of the young filament into a heterocyst after 19 h; and, following further cell division, the development of a heterocyst from the other terminal cell after about 40 h (Sutherland et al., 1985) .
This communication describes the biochemical changes which occur during synchronous germination of akinetes of Nostoc PCC 7524, and correlates these events with the pattern of cell division and heterocyst differentiation. 
RESULTS

Germination in the absence of exogenous combined nitrogen
When transferred to fresh medium in the light, in the absence of an exogenous source of combined nitrogen, akinetes germinated synchronously, with the first cell division starting at 12 h ( Fig. 1) and the second at 16 h. During this period, dry weight and ODbs0 increased by 60% (Fig. 1) . Growth, however, was unbalanced, since the increase in dry weight was largely the result of the increase in carbon content of the culture (Fig. 1) following the immediate initiation of C 0 2 fixation in the absence of N2 fixation (Fig. 2) . The fixed carbon was mostly incorporated into glycogen, whose synthesis followed the pattern of C 0 2 fixation in this early period of germination (Fig. 2) . Protein synthesis began immediately after transfer and continued for 11 h (Fig. 1) . However, the total nitrogen content remained constant before the onset of N2 fixation ( Fig. 2) and degradation of cyanophycin commenced only after 6 h (Fig. 3) ; the cellular content of this reserve material reached a minimum at 10 h. The utilization of cyanophycin coincided with an increase in phycocyanin content (Fig. 3) ; the subsequent degradation of phycocyanin was accompanied by resynthesis of cyanophycin but not of protein.
The second cell division involved only one of the daughter cells of the first; the other daughter cell differentiated into a heterocyst, producing a filament of three cells at 19 h (Fig. 1) . Growth, measured as dry weight, ceased at 20h (Fig. 1) as a result of the decrease in C 0 2 fixation between 16 and 22 h (Fig. 2) . The subsequent degradation of glycogen (Fig. 2) was accompanied by a decrease in total carbon and dry weight (Fig. 1) . N2 fixation commenced at 19 h (Fig. 2) ; COz fixation then recommenced and growth became balanced as shown by the simultaneous increase in both total carbon and total nitrogen in the culture from about 30 h (Figs 1 and 2) . Rapid synthesis of total protein ( Fig. 1 ) and of phycocyanin (Fig. 3) occurred after the initiation of N2 fixation. The rate of N2 fixation decreased before the differentiation of the second heterocyst at 40h, resulting in a transient increase in glycogen (Fig. 2) . In contrast to phycocyanin, the chlorophyll content of the culture remained constant during the first 20 h of germination, increasing only after the reinitiation of growth following the onset of N2 fixation (Fig. 3) .
RNA content increased immediately after transfer of the akinetes to fresh medium (Fig. 4) . The initial rate of increase was maintained for 10 h, by which time the RNA content of the culture had increased 3.5-fold, and then decreased to parallel the rate of growth of the culture. In contrast, DNA content increased after a lag of 80 min (Fig. 4) and continued at a rapid rate for 16 h, leading to a fourfold higher concentration in the culture. The cellular content of DNA approximately doubled before the first cell division whereas that of RNA increased threefold (Fig. 4) ; both decreased to the initial level during the two consecutive cell divisions and then remained constant.
The time course of the biochemical and morphological changes occurring during akinete germination in the absence of a source of combined nitrogen is summarized in Fig. 5 .
Germination of aged akinetes
Akinetes were normally harvested within 2 d of their formation at the end of exponential growth of the parental culture. When the incubation of such cultures was prolonged under the normal growth conditions, the phycocyanin and cyanophycin contents of the akinetes decreased from 0.6 pg to 0.3 pg per cell and from 1.3 pg to 0.6 pg per cell, respectively, during 7 d in the stationary phase of growth. Such aged akinetes germinated normally in the absence of combined nitrogen although the early synthesis of phycocyanin characteristic of younger akinetes was not observed and degradation of cyanophycin did not occur (Fig. 6) . Synthesis of total protein and of phycocyanin commenced at 8 h and 10 h, respectively, although the total nitrogen content of the culture did not change until 19 h (Fig. 6) . 
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Germination in the presence of combined nitrogen
The patterns of cell division (Fig. 7) and of biochemical changes during germination in the presence of nitrate were similar to those under N2, and heterocyst differentiation was not repressed. However, the peaks of N2 fixation were delayed by 5 h and cyanophycin was not degraded (not shown). Synthesis of both phycocyanin and total protein commenced immediately (Fig. 7) and continued at a rapid rate throughout germination. In contrast, chlorophyll synthesis started after a lag of 10 h (Fig. 7) . Under these conditions of nitrogen sufficiency growth of the young filaments was more rapid after germination (Fig. 7) and this correlated with a rapid decline in the glycogen content after the first cell division. The transient increase in glycogen before differentiation of the second heterocyst was similar to that observed under N 2.
DISCUSSION
Purified akinetes of Nostoc PCC 7524, like those of Anabaena cylindrica (Fay, 1969) , were unable to fix N2. In contrast, fixation of COz commenced immediately at a rate (per unit dry weight) approximately 10% of that observed during exponential growth, similar to the results of Fay (1969). Comparison of the rate of C 0 2 fixation and glycogen formation in the first 10 h shows that 70% of the fixed carbon accumulated as glycogen, accounting for 65% of the increase in dry weight of the akinetes before the first cell division. The large glycogen reserves of the mature akinetes (Sutherland et al., 1979a ) therefore appear to be unnecessary for germination under the conditions employed, and result from accumulation in the parental vegetative cells at the end of exponential growth. When C 0 2 fixation decreased before the onset of N2 fixation, glycogen was degraded and appeared to partly replace the normal supply of carbon. The use of glycogen as an endogenous carbon source in vegetative cells has been demonstrated by Lehmann & Wober (1976), Rippka & Stanier (1978) and van Liere et al. (1979) and therefore neither the accumulation nor the degradation of glycogen are unique to akinetes. Similarly, although significant degradation of both phycocyanin and cyanophycin occurred during germination in the absence of exogenous combined nitrogen, their breakdown also occurs in vegetative cells during nitrogen starvation (Allen & Smith, 1969; Neilson et al., 1971 ; Simon, 1973) and is the result of synthesis of proteases specific for each of these compounds (Foulds & Carr, 1977 ; Wood & Haselkorn, 1980; Gupta & Carr, 1981) . Doolittle (1979) pointed out that there is no evidence to support the assumption that cyanophycin is preferred to phycocyanin as a nitrogen source during starvation, but our results support the finding (Allen & Hutchison, 1980 ) that cyanophycin is degraded first as in the unicellular Aphanocapsa (Synechocystis) 6308. However, the resynthesis of cyanophycin which commenced at 10 h was accompanied by degradation of phycocyanin, suggesting that an equilibrium in the levels of these reserves is attained under conditions of strict nitrogen starvation.
Aged akinetes, which contained reduced levels of both phycocyanin and cyanophycin, germinated normally in the absence of exogenous combined nitrogen without degrading these reserve compounds. Neither phycocyanin nor cyanophycin, therefore, appear to be necessary as nitrogen reserves for akinete germination. However, the aged akinetes initiated protein synthesis before N2 fixation was established, in the absence of any net change in total nitrogen content ; young akinetes, when incubated with N2 as sole nitrogen source, synthesized protein and nucleic acids during the first 6 h of germination without degrading their known reserve materials. These results imply that akinetes contain an additional nitrogen reserve. This is not stored in proteins because concomitant protein degradation and synthesis would result in no net change in protein content. It is possible that the additional nitrogen may be supplied by the thick, nitrogen-rich, peptidoglycan layer of the akinete wall, which is transformed during germination to produce a lipopolysaccharide-like product (Sutherland et al., 1985) .
Although the young filaments contained only three cells at the onset of heterocyst differentiation, the physiological changes which accompanied this process appeared to be the same as those occurring in mature filaments. Heterocyst differentiation began when the C/N ratio reached 6; this ratio continued to increase as the heterocysts matured and reached a maximum of 8 before nitrogenase activity commenced. These results are similar to those of Kulasooriya et a/. (1972), who studied heterocyst differentiation in A . cylindrica in nutrient shift experiments. The reduction by 60% of both phycocyanin and the rate of C 0 2 fixation before differentiation of the first heterocyst is greater than can be accounted for solely by their loss in one developing heterocyst in the young filament, in agreement with Bradley & Carr (1 977), who concluded that such loss occurred in both vegetative cells and developing heterocysts of A . cylindrica. The young filaments did, however, show a reduced interheterocyst interval following the differentiation of the second heterocyst : only three vegetative cells separated the two terminal heterocysts, in comparison to a mean interval of 1 1 cells during exponential growth of mature filaments (Sutherland et af., 1979~) . The high heterocyst frequency (40%) in the fivecelled filaments resulted in a rate of acetylene reduction [0.4 pmol (mgdry wt)-' h-l at 40 h] twice that observed during exponential growth.
The immediate resumption of C 0 2 fixation and synthesis of RNA, DNA and protein demonstrates that the akinete, although considered to be a resting cell, is capable of metabolic activity and rapid growth on return to favourable environmental conditions and, in this respect, resembles the cyst of Azotobacter but not the bacterial endospore. The akinete appears to differ from the vegetative cell only in possessing a thickened cell wall and an extracellular envelope (Sutherland et af., 1985) ; the physiological changes which occur during germination also occur in vegetative cells. The resistance to cold and to desiccation of the akinetes of Nostoc PCC 7524 (Sutherland et a/., 1979a) , together with their ability to initiate the germination process without significant delay, must contribute to the survival of the organism under fluctuating environmental conditions. This work was supported by the SERC. We thank Rosmarie Rippka for helpful advice and critical reading of the manuscript.
